Based on the nonequilibrium Green's function method within the tight-binding approximation scheme, through a scanning tunneling microscopy (STM) model, we study the low-energy electronic states and transport properties of carbon chains in armchair-edged graphene nanoribbons (AGNRs). We show that semiconducting AGNRs possess only semiconducting chains, while metallic ones possess not only metallic chains but also unconventional semiconducting chains located at the 3 j th ( j = 0) column from the edge (the first chain) due to the vanishing of the metallic component in the electron wavefunction. The two types of states for carbon chains in a metallic AGNR system are demonstrated by different density of states and STM tunneling currents. Moreover, a similar phenomenon is predicted in the edge region of very wide AGNRs. However, there is remarkable difference in the tunneling current between narrow and wide ribbons.
Introduction
Graphene, a recently realized two-dimensional single atomic layer of graphite [1, 2] , exhibits many fascinating properties [3] . These properties mainly originate from the zero energy gap linear band structure with a vanishing DOS at the Dirac point [4, 5] , which has been experimentally observed directly [6] . As a novel material, it is regarded as a promising candidate for post-silicon electronic applications [7] [8] [9] [10] [11] [12] [13] . However, the fact that it has zero band gap limits its application in electronic devices. Fortunately, graphene nanoribbons (GNRs), finite widths of graphene, possess more opportunities in practical applications because of their richer energy band structures [14] [15] [16] [17] . According to the shapes of their edges, GNRs can be classified into two categories, namely, AGNRs and zigzag GNRs (ZGNRs). It has been shown that pristine (perfect) AGNRs are either metallic or semiconducting with the energy gap proportional to their width [14, 15] , while ZGNRs are always metallic with localized states near the Fermi level [16, 17] .
Motivated by the extensive potential applications of GNRs in future nanoelectronics [18] [19] [20] [21] [22] , researchers are striving to open energy gaps for GNRs by using different methods and gain quasiparticle band gaps of the nano-sized semiconductors [23] [24] [25] [26] [27] [28] . For example, Son et al [23] and Wang et al [24] have shown that the passivation of the edges of a perfect AGNR may open a small energy gap. The energy gap can also be opened by the addition of a line of impurities into a GNR [25] or structural corrugation of an undoped AGNR [26] . Additionally, Raza et al [27] and Rudberg et al [28] have found that the gap can be tuned by an external electric field. Interestingly, we find that large energy gaps really exist in the pristine metallic AGNRs when we focus on their different carbon atom chains in this paper. In this paper, by employing the tight-binding approximation scheme with the nonequilibrium Green's function (NEGF) method, we theoretically study the electronic structure at atomic sites and transport for atomic chains in a pristine AGNR as shown in figure 1(a) . We demonstrate that semiconducting AGNRs only possess semiconducting state chains, but metallic AGNRs have semiconducting states with a zero DOS gap in the 3 j th ( j is a nonzero integer) carbon chain from the edge (the first chain) and metallic states with a nonzero DOS plateau in the (3 j − 1)th and (3 j − 2)th chains. Consequently, we predict that for metallic AGNRs the STM (as shown in figure 1(b) ) tunneling current displays a zero value plateau with threshold voltage (V c ) or linearly grows with the increase of bias when the tip moves onto carbon atoms according to the above '3 j rule'. Thus, the difference between semiconducting and metallic states in carbon chains may be observable in STM experiments on AGNRs by using a quantum wire as the tip [29, 30] . Moreover, this effect can also be detected in the edge regions of a very wide AGNR, which is called an armchair-edged graphene sheet (AGRS). However, there are remarkable differences in the STM current between AGNRs and AGRSs. The tunneling current as a function of bias with different tip locations is a wrinkled line for AGNRs while it is smooth for AGRSs. Meanwhile, as the tip moves, an AGRS with fixed width displays a varying V c , while there is only an invariable V c determined by the width for an AGNR.
The rest of the paper is organized as follows. In section 2, we describe the model within the tight-binding approximation scheme, where the DOS and STM tunneling current are formulated by means of the NEGF method. In section 3, the results of typical numerical examples with the associated physical explanations for the system are given. Finally, in section 4, we summarize the work.
Model and method
We only consider a pristine AGNR as shown in figure 1(a) , where the solid rectangle is the periodical unit which is composed of N elementary cells [31] . Cell (m, n) contains four carbon atoms labeled as η = α, β, γ and δ. An AGNR is metallic if N = 3 p − 1 with integer p, otherwise (N = 3 p − 2 or 3 p − 3) semiconducting [15] . Using the tight-binding approximation scheme, the Hamiltonian for π-electrons reads (1) where c † m,n,η (c m,n,η ) represents the electronic creation (annihilation) operator at site η in the elementary cell (m, n) with electrochemical potential μ 1 , and ·, · denotes summing over the nearest-neighbor sites with hopping integral t 1 . The total electron wavefunction can take the form [31] 
where |m, n, η is a 2 p z atomic orbital at site η with coefficients ψ m,n,η = n, m, η| in cell (m, n). Therefore, the Schrödinger equation for an AGNR can be written as
Starting from equation (3), by neglecting the overlap of π orbits of neighboring carbon atoms
and employing the hard-wall boundary condition
to the wavefunction, one can obtain the π-electron energy spectrum in the low-energy limit [14] [15] [16] 23 ] as
and the coefficients for site η
with normalized constant C = [2(N + 1)] −1/2 , where ϕ η is an arbitrary function and the carbon-carbon bond length has been set to unity. The wavevector k x is continuous within the first Brillouin zone (BZ) −π/3 k x π/3 and the y-direction wavevector is discretized as k l = lπ/[(N + 1)a] with subband index number l = 1, 2, . . . , N for a perfect AGNR. We note that ψ m,n,η is a stationary wave in the transverse direction, and is independent of m because the AGNR considered here is assumed to be infinitively long.
According to a standard surface Green's function (GF) matching scheme [32] , the GF for the π-electron at site η in cell (m, n) of the AGNR is given by
with its associated DOS
where ε + is a positive infinitesimal.
To probe the properties of the DOS effectively, we propose a STM model by using a tight-binding semi-infinite quantum wire [29, 30] as the tip (shown in figure 1(b) ). The Hamiltonian for the tip has the form
where a † i (a i ) is the electronic creation (annihilation) operator at an individual lattice site of the tip, μ 2 and t 2 describe respectively the electrochemical potential and the hopping energy. The Hamiltonian of the last atom (site i = 0) of the tip coupling to site i = 1 of the semi-infinite quantum wire is
The last atom of the STM tip can directly access the atop carbon site (m, n, η) in the AGNR with tunneling strength ν and Hamiltonian
Similarly to the STM model proposed by Peres et al [30] on graphene with a substituting impurity, our system can be also taken as a two-terminal device which the central part is defined by the last atom (i = 0) of the tip while both the quantum wire (excluding the last atom) and the AGNR are its leads, i.e., source and drain. The potential difference produces an applied bias voltage across the central part (atom) of μ 2 − μ 1 = eV . Therefore, the tunneling current through the last atom of the tip can be expressed as
where f 2 (1) is the Fermi-Dirac distribution function for the wire (AGNR), T n is the n-dependent transmission probability which can be obtained by means of the NEGF within the nearest-neighbor tight-binding scheme as follows. The central atom is sandwiched between the quantum wire and the AGNR, thus the isolated retarded GF matrix is defined as
where g r
is the electronic retarded GF for the isolated central atom, 
Since the quantum wire acts as a reservoir in the STM experiment, it is reasonable to choose a complex GF with a negative imaginary part as [33] 
Now, we consider the full retarded GF for this STM model system. Since the central atom connects to atom i = 1 of the quantum wire and site (m, n, η) of the AGNR, the retarded self-energy matrix can be expressed as
Substituting the isolated retarded GF matrix (14) and the retarded self-energy matrix (18) into the Dyson equation
, one obtains the full retarded GF for the central atom as
The parameter 01 (ω) represents the rate of adding one electron to the central atom from the quantum wire. Correspondingly, 02 (ω) is the rate of moving one electron from the central atom to the AGNR. It is worth noting that 01 (ω) and 02 (ω) are functions of the applied voltage [29] , originating from the potential difference between the quantum wire and the AGNR.
In the present work, we only investigate the symmetric case, namely, the potentials are taken as
The Fermi energy E F is fixed to zero relating to potentials μ 1 = μ 2 = 0 in the equilibrium case. Therefore, the former expression (13) for the tunneling current through the tip is replaced by
where the electron transmission probability is
with the advanced GF G a
At low temperatures, equation (22) is simplified as
Herein, we have accomplished theoretical analysis for this AGNR-based STM model system, and obtained two major results expressed by equations (9) and (24) . As we will show and discuss in section 3, the characteristics of the tunneling current exactly correspond to the nature of the electronic states for the system.
Results and discussion
In this section, we demonstrate a few numerical examples and discuss the results for our AGNR-based STM model system. We mainly focus on the carbon site α(β) in elementary cell n because a similar result can be obtained at site γ (δ). It is noteworthy that our major result stems from the electronic structure of a pristine AGNR [14, 15] , and the STM current can really vary with different values of the parameters of this system, such as the coupling integrals t 1 in the quantum wire, but not inherently. For simplicity, in the numerical examples, we take the hopping energies t 1 = t 2 = t as the energy units, and the tunneling coupling strength ν = 0.5. Figure 2 shows the low-energy DOS [ρ m,n,η (ω)] versus energy ω (in units of t) of an isolated AGNR with N = 7 or 8 according to the '3 p rule' at equilibrium (μ 1 = 0) for different cell index numbers n. One can clearly see that the DOS depends not only on the AGNR width but also on the position of the carbon atom (cell index n). As shown in figure 2(a) for an AGNR with N = 7, a zero DOS gap in the energy window of ω = −0.11 to 0.11 is displayed no matter whether n = 1-3, or 4. This DOS gap comes from the energy gap E ∼ 0.22 between the highest valence band (l = 5 for N = 7) and the lowest conduction band obtained according to equation (6), and is the sign of semiconducting AGNRs [34, 35] . Therefore, we call the electronic state with a zero DOS gap for carbon chains a semiconducting state, in which an electron in the highest valence band can be excited to the Fermi level if it absorbs energy E/2 ( ω ∼ E). With the increase of injected energy ω, electrons in other subbands become active to leap over the gap one by one accordingly, for example, in the order l = 5, 6, 7, 4, 3, 2, 1 for N = 7. Consequently, a series of sharp DOS peaks corresponding exactly to excited states is exhibited in figure 2(a) . Additionally, these peaks should be observable in the optical spectroscopy experiment because they are closely related to the optical absorption peaks [36] [37] [38] . In contrast, as shown in figure 2(b) , a metallic AGNR with N = 8 has a reasonably nonzero DOS plateau around zero energy when n = 1, 2 or 4. This nonzero plateau is the sign of metallic AGNRs investigated in [34, 35] , and the electronic state with a nonzero DOS plateau for carbon chains is named a metallic state. Interestingly, when n = 3, a wide zero DOS gap of ω ≈ 0.56 is displayed, as shown by the (black) solid line in figure 2(b) . In this case, the chain α(β) with n = 3 surprisingly exhibits semiconducting characteristics similar to those shown in figure 2(a) . Actually, this semiconducting behavior can be screened by prominent metallic behavior in the in-plane transport of metallic AGNRs [18-22, 34, 35] since the total DOS (summing the DOS over all sites) is a nonzero value, which maintains the properties of metallic transmission in AGNRs with N = 3 p − 1. However, the existence of semiconducting states also reduces the total conductance (from all the chains) of metallic AGNRs.
Electronic structure for AGNRs
The coexistence of metallic and semiconducting states for metallic AGNRs can be explained according to the variations of the electronic structures in different chains. The squared coefficients |ψ m,n,α(β) | 2 are shown in figure 3 (a) and the energy band in figure 3(b) for an example with N = 8. As shown by the (colored) dotted or dashed lines in figure 3(a) , when n = 1, 2, 4, 5, 7 or 8 for chains α(β), all the subbands from l =1 to 8 are occupied by electrons due to |ψ m,n,α(β) (k x , k l )| 2 = 0, which contributes to the nonzero DOS plateau (metallic states) as shown by the colored lines in figure 2(b) . However, when n = 3 and 6 for chains α(β), the gapless subband (l = 6 for N = 8) is forbidden for electronic occupation due to |ψ m,6,α(β) (k x , k l )| 2 = 0, as shown by the (black) solid line in figure 3(a) (for clarity only the cases of n = 1, 2, 3 and 4 are shown). In this case the gapless subband in the energy spectrum shown by the (black) solid line in figure 3(b) is not effective and there is an energy gap of 0.56 determined by the lowest (highest) conduction (valence) subband l = 5 as shown by the (blue) dashed line in figure 3(b) . Thus, it is reasonable that a zero DOS gap (semiconducting states) appears, as shown Generally, for all metallic AGNRs with N = 3 p − 1, the semiconducting states appear only in cell n = 3s (with positive integer s) for η = α(β) and in cell n = 3s − 1 for η = γ (δ), respectively. In other words, the 3 j th ( j = 0) column atomic chains from the edge (the 1st chain) of a metallic AGNR are occupied by semiconducting states because the metallic subband is screened there [14, 16] . Additionally, as shown in figure 3(c) , for a series of three AGNRs with the same p, the metallic AGNR displays the widest energy gap when its gapless subband is screened. Consequently, when the gap for a metallic AGNR is small enough to be neglected, a quasi-onedimensional AGNR becomes a two-dimensional AGRS (or a graphene). From figure 3(c), one can easily obtain that the turning point between AGNR and AGRS is around N = 400, which corresponds to a width of around 100 nm.
Electronic structure for AGRSs
Next, we extend the discussion on electronic states to AGRSs. In figure 4 . This means that the DOS is not sensitive to the width of an AGRS, which can be explained as being because for a two-dimensional AGRS there is little difference between nearest-neighbor subbands because of the weak quantum confinement, and its energy spectrum is nearly continuous. Therefore, for AGRSs the number of subbands changes less abruptly as N increases successively, which gives rise to the similarity of DOS shape. Further, all the DOS curves tend to the DOS for a gapless graphene [3, 30] with a zero value point at the Fermi energy in the cases of n = 1, 2 and 201. We note that although n = 3 × 67 = 201 obeys the '3s rule' the samples show the behaviour of DOS for a graphene because of n being in the center region of the AGRS. Here we call the electronic state with a zero DOS point a semimetallic state for an AGRS. However, when n = 3 (or 3s with small s which keeps n in the edge region, not shown here), a visible smoothedge zero DOS gap appears around the Fermi level in the range of −0.1 < ω < 0.1, as shown by the (black) solid lines in figures 4(a) and (b), and even for very wide AGRSs, as shown in figures 4(c) and (d). These semiconducting characteristics of zero DOS gap have the same physical origin as that for AGNRs with a sharp-edge zero DOS gap, as shown in figures 2(a) and (b). Here we also define the electronic states with smoothedge zero DOS gap as semiconducting states for AGRSs.
Up to now we have demonstrated that there are possibly two types of electronic states in the plane of an AGRS. In figure 5 the distribution of the electronic states for an AGRS is plotted. It is clear that the center region is fully occupied by electrons with semimetallic states while the semimetallic and semiconducting electronic states are alternately distributed according to the '3 j rule' in the two edge regions. Interestingly, by analyzing the STM tunneling current for AGRSs in section 3.3, we find that the width of the edge region for AGRSs is about 7 nm which corresponds to an AGNR with width N = 30.
STM tunneling current
The nature of the electronic states for graphene can be directly probed by the STM tunneling current [29, 30, 39] . Here we also exhibit I n (V ) characteristics as the tip is the atop atom α(β) in different chains n of AGNRs (figures 6(a)-(c)) and AGRSs ( figures 6(d)-(f) ).
For the semiconducting-AGNR-based system, there exists a zero current flat with a threshold voltage eV c ≈ 0.11 for N = 7 no matter whether n = 1-3 or 4, as shown in figure 6(a) . This characteristic originates from the semiconducting states semiconducting state semimetallic state indicated by the DOS gap in figure 2(a) because an electron at the highest valence (l = 5) can jump to the Fermi level and take part in transport when it absorbs energy as V V c . Further, the wrinkled line shape of I n (V ) is induced by the discretized energy subbands of AGNRs due to the fact that an electron in a lower subband becomes propagating for transport accordingly one by one as V increases. Therefore, the turning points of the wrinkled line in I n (V ) curves correspond to the sharp peaks in the DOS as shown in figure 2(a) .
In contrast, as shown in figure 6 (b), for a metallic-AGNRbased system with N = 8, the tunneling current I n (V ) increases linearly (without a zero flat) when the STM tip is located at carbon site α(β) in chains of n = 1, 2, 4 with metallic electronic states (see figure 2(b) ). Interestingly, a wide zero current flat with a threshold voltage eV c ≈ 0.28 expectedly appears for n = 3 as shown by the (black) solid line in figure 6(b) because the metallic subband (l = 6 for N = 8) is not effective in this case. Meanwhile, the calculated V c is different for the two types of AGNRs, and also for metallic AGNRs with different widths. Firstly, V c for a semiconducting AGNR is much smaller (e.g., eV c ≈ 0.11 for N = 7) than that (e.g., eV c ≈ 0.28 for N = 8) for the nearest-neighbor metallic AGNR as n = 3. Secondly, eV c ≈ 0.28 and 0.18 for N = 8 and 14 as shown by the (black) solid and (red) dashed lines in figure 6(c) , respectively. Therefore, based on the difference of V c and the definite relationship between the DOS and the tunneling current, one may identify GNR samples by using the proposed STM experimental setup as shown in figure 1(b) .
On the other hand, the energy spectrum for an AGRS is nearly continuous, owing to the weak quantum confinement. from an AGRS in a practical STM experiment by this major difference. Additionally, a visible zero I n flat with eV c ≈ 0.1 is displayed by the (black) solid lines in figures 6(d) and (e) as n = 3 for AGRS-based systems as a result of the zero DOS gap as shown by the (black) solid lines in figures 4(a) and (b). However, this zero I n flat is not a sign of a semiconducting state in AGRSs because a narrower zero I n flat with eV c ≈ 0.05 is also exhibited, as shown by the colored lines in figures 6(d) and (e) when n = 1, 2 (in the edge region) or 201 (in the center region), which corresponds to the semimetallic states [29] (see figure 5 ). Hence the '3 p rule' is not effective for an AGRS or when the width of an AGNR is around 100 nm. Moreover, an obvious characteristic of an AGRS is the behavior of varying V c , as shown in figure 6(f). As the location of the STM tip changes from the edge region (n = 3, 6) to the center region (n = 201), eV c varies from 0.1 to a stable value of 0.05. Interestingly, when n = 30 the I n (V ) curve is almost the same as that for the tip at the center region n = 201 (see the (blue) dash-dot line and the (cyan) dash-dot-dot line in figure 6(f) ). Therefore, we conclude that the width of the edge region for AGRSs is about 7 nm, in which the semiconducting and semimetallic states coexist, as shown in figure 5 . Theoretically, one may be able to identify the edge region of an AGRS in a practical STM experiment by observing the variation of V c as the tip moves.
Summary and conclusion
In this paper, using the nonequilibrium Green's function (NEGF) method within the tight-binding approximation scheme through an STM model, we have theoretically investigated the low-energy electronic states and transport properties for carbon chains in AGNRs and AGRSs. Our major results are summarized as follows: semiconducting AGNRs only possess semiconducting states regardless of the carbon chain position n, while both metallic and semiconducting states alternately exist in metallic AGNRs with the change of chain according to the '3 j rule'.
This difference between a semiconducting AGNR and a metallic one, and semiconducting and metallic states in a metallic AGNR, can be detected by the tunneling current in an STM experiment. For a set of AGNRs with same p, the semiconducting states produce a zero tunneling current flat with a threshold voltage V c , but it is larger for a nearest-neighbor metallic-AGNR-based system than for a semiconducting-AGNR-based one. However, this difference disappears for AGNRs with width N > 400, i.e., AGRSs. For AGRSs, there exist alternately semimetallic and semiconducting states in the edge regions with width of about 7 nm, and a pure semimetallic state in the center region. Importantly, there is some obvious difference in the behavior of the STM tunneling current between an AGNR and an AGRS. Firstly, the shape of I n (V ) is wrinkled for AGNRs while it becomes very smooth for AGRSs. Secondly, an AGNR with fixed width exhibits a fixed V c , while V c is variable for an AGRS. Therefore, based on these differences one may be able to identify AGNRs from graphene samples using our setup shown in figure 1(b) .
It is worth mentioning that in this paper we only focus on the case of pristine AGNRs for the comparison with previous results [14] [15] [16] [17] . Recent experiments have shown the existence of an energy gap near the charge neutrality point [12] due to the Coulomb blockade effect [40] originating from the roughness [41, 42] at the edges of GNRs. More interestingly, Tao et al [43] found that Coulomb interaction is crucial to the spin-polarized edge states in pristine ZGNRs. Therefore, the STM experimental results, such as the values of threshold voltage V c , may slightly differ from our theoretical prediction here due to the passivation of edges [23, 24] , impurities [25] , interactions [40] or armchair edges slightly mingled with zigzag edges [42] , which induce the variation of subbands for AGNRs. However, we believe that the nature of semiconducting states in metallic AGNRs is robust and the main results here are qualitatively correct.
